ABSTRACT
To reduce environmental losses of N and increase crop use, it is critical to optimize N fertilization rates and determine if N-loss prevention amendments increase yields. Research objectives were to: (i) determine N-release patterns of three N-loss amendments (urea ammonium nitrate [UAN] treated with NBPT+DCD, nitrapyrin, or an organo-Ca) and UAN through a laboratory incubation; (ii) determine effectiveness of these four products for maize (Zea mays L.) and winter wheat (Triticum aestivum L.) produced in two to three regions of North Carolina; and (iii) determine agronomic optimum N rate for wheat and corn compared to state-recommended rates. Nitrogen release was measured in three soils (coastal plain, piedmont, and mountains) during the incubation experiment. Field experiments were randomized complete block designs (four replications of six maize N rates and five wheat N rates), with each rate applied as one of four product treatments (UAN and UAN+ one of three N-loss prevention amendments). In the incubation experiment, soils treated with UAN+nitrapyrin or UAN+NBPT+DCD delayed nitrification longer than soils treated with UAN or UAN+organo-Ca. There was no significant effect of product on maize grain yield (coastal plain and mountains) and wheat yield (coastal plain and piedmont). A year × product interaction occurred for maize grain yield in the piedmont. Agronomic optimum N rates mostly aligned with current North Carolina N fertilizer recommendations. Despite positive laboratory results, N-loss amendments did not have a significant effect on yield in 9 of 10 site-years, indicating that proper N rates are a more effective nutrient management strategy.
MATeRIALS AnD MeTHoDS

Laboratory Incubations
The procedure for this aerobic incubation experiment to measure conversion of NH 4 -N to NO 3 -N was adapted from Cahill et al. (2010a) . A composite soil sample from each 2015 maize trial site was collected at depth of 0 to 20 cm from unfertilized plots and mixed in a large plastic bucket. Soils consisted of a Lynchburg fine loamy sand (fine-loamy, siliceous, semiactive, thermic Aeric Paleaquult) at the coastal plain field station, a Lloyd clay loam (fine, kaolinitic, thermic Rhodic Kanhapludult) at the piedmont field station, and a Comus silt loam (coarse-loamy, mixed, active, mesic Fluventic Dystrudept) at the mountain field station. Each soil was dried and passed through a 2-mm sieve. The upper and lower bounds of plantavailable water for each soil were estimated by pressure plate (Dane and Hopmans, 2002) utilizing disturbed samples.
Soil from each site (200 g dry weight) was mixed in triplicate with UAN, UAN+ NBPT+DCD, UAN+nitrapyrin, or UAN+organo-Ca in 0.025-mm thick polyethylene bags (16.5 by 15 cm) (Gordon, 1988) until fertilizer N was evenly distributed throughout the soil. A control treatment received no N fertilizer. All four fertilizer products were added at an N rate equivalent to the highest N application rate for maize (224 kg ha -1 ) and the additive amounts were added based on label information, which were then scaled for each soil type. Distilled water was added to each bag to bring the moisture level to 80% of field capacity, after which they were then sealed and placed in an incubator at a relatively constant temperature of 23 to 26°C. Bags were aerated once weekly, which previously was demonstrated to provide sufficient carbon dioxide and oxygen exchange (Gordon 1988) , and weighed to determine moisture loss (Cahill et al., 2010a; Gordon 1988) . Additional distilled water was added to bags with a weight decrease of 5% or more to maintain ~80% field capacity.
Soil samples (10 g on a dry weight basis per bag) were taken from each bag at 0, 2, 7, 14, 28, 42, 56, and 84 d. At each sampling date, 25 mL of 1 M potassium chloride (KCl) was added to a 10 g (dry weight) sample and placed on a shaker for 30 min. The extractant was filtered through Whatman no. 2 filter papers into vials and frozen until analyzed on a Lachat flow injection autoanalyzer (model Quick Chem 8000, Lachat Inc., Loveland, CO; QuikChem methods 10-107-04-1-A and 10-107-06-2-A) at the NC State University Environmental and Agricultural Testing Service (EATS) lab (Raleigh, NC). Extractant was analyzed for NO 3 -N and NH 4 -N concentrations. In the few circumstances when the Lachat returned values that indicated the N concentration was below the detection limit of 0.10 mg L -1 , the concentration was assumed to be 0.10 mg L -1 . The concentration of NH 4 -N and NO 3 -N from each sample was corrected for extraction volume and expressed on a soil dry weight basis. Nitrate-N and NH 4 -N concentrations in the control soil was subtracted from concentration in the N fertilizer treated soil at each sampling date to account for mineralization of soil organic matter when calculating net nitrification of applied fertilizer N. If this correction resulted in a negative value, the concentration was set to zero. Applied N recovery was calculated from the sum of extracted NO 3 -N plus NH 4 -N concentrations and expressed as a percentage of N applied.
Field Study
Maize and winter wheat N rate and N amendment trials were conducted from 2013 to 2015. Maize trials were conducted yearly at three research stations in three different physiographic regions across North Carolina. Each year included one trial in each region (coastal plain, piedmont, and mountains) for a total of 6 site-years. Yearly winter wheat trials were conducted at research stations in the coastal plain and piedmont region for 2 yr, and thus consisted of 4 site-years. The experimental design was a randomized complete block (RBC) with four replications. Included in the RBC was four N products (UAN and UAN with one of three N-loss prevention amendments). For the purpose of this paper we will use the term product to refer to either UAN solution alone or UAN solution plus an N-loss prevention amendment. In North Carolina, UAN solution applied alone is the most commonly used N fertilizer, and serves as a reference point as well as the manufacturers' recommended method of applying the N-loss prevention amendments. The N-loss prevention amendments (NBPT+DCD, nitrapyrin, or an organo-Ca) were mixed into the UAN and applied at their label rates (NBPT+DCD at 7.6 kg amendment t -1 UAN; nitrapyrin at 2.4 kg amendment ha -1 ; or an organo-Ca at 0.81 kg amendment t -1 UAN). Each N product was applied at six N rates for maize, including a zero-N control. (Control plots did not receive any N or N-loss amendment.) Total N rates for maize were zero-N (control), 45, 90, 135, 180, and 224 kg N ha -1 . All plots except zero-N received 45 kg N ha -1 applied at planting with the remainder applied as a side dress application at growth stage V5-V6; thus, each rate, except zero-N, received one of four different products (UAN or UAN treated with one of three N-loss prevention amendments at both planting and V5-V6). The products were dribbled onto the soil surface, as is common for most producers in North Carolina who utilize UAN, using a custom built backpack sprayer and boom (R&D Sprayers, Opelousas, LA) that was calibrated before each application and triple-rinsed with soapy water between each product.
Each product was applied at five N rates for wheat. The atplant N application rate for wheat was 34 kg N ha -1 followed by 0, 45, 90, 135, 180 kg N ha -1 as spring applied N prior to formation of the first joint (Feekes stage 4-5 or Zadoks stage 30; Weisz et al., 2001) ; thus there was no true zero-N application. At-plant N was applied as UAN and spring N was applied as UAN or UAN treated with NBPT+DCD, Nitrapyrin, or an organo-Ca. The N-loss prevention amendments were applied at their label rates (see above paragraph). All products were dribbled using the same backpack sprayer as was used in the maize trial.
Maize
In 2014 and 2015, maize (Pioneer 1690YHR hybrid) was planted 11 and 14 April in the coastal plain, 13 and 24 April at piedmont, and 5 and 12 May in the mountains in plots approximately 3 by 10 m, which provided four rows per treatment.
Mean plant population was calculated by extrapolating the population from a 3 m span of the inner two rows at harvest to a hectare basis: 74,237 ha -1 on 91 cm rows in 2014 and 58,885 ha -1 on 76 cm rows in 2015 at the coastal plain fields; 81,547 ha -1 in 2014 and 61,032 ha -1 in 2015 on 76 cm rows at the piedmont fields; and 79,305 ha -1 in 2014 and 65,324 ha -1 in 2015 on 76 cm rows in the mountain fields.
Coastal plain and piedmont fields were conservation-till following soybean, while the mountain fields were disked to a depth of 30 cm approximately 1 wk prior to planting and followed a winter wheat cover crop. In 2014, the coastal plain field received no lime, whereas in 2015, the field received 1344 kg ha -1 lime and 112 kg ha -1 0-0-60 based on soil test results. In both years, paraquat (1,1'-Dimethyl-4,4'-bipyridinium dichloride) and atrazine (1-Chloro-3-ethylamino-5-isopropylamino-2,4,6-triazine) herbicides were applied just prior to planting, and Ears from the same 3 m length of the inner two rows used to determine population were harvested by hand, weighed, and measured for moisture. Grain yield was normalized to a standard moisture content of 155 g kg -1 . A subsample of six ears was dried, shelled, and ground for nutrient analysis. Stover yield was determined from six randomly selected plants harvested from each plot, weighed, chopped, and subsampled. The subsample was dried to indicate moisture content and ground to measure nutrient content. Grain and stover N concentrations were used to calculate grain N, stover N, and total N content. Apparent nitrogen use efficiency (NUE) was then determined from total N content at each N rate. Apparent NUE for each N application rate was defined as total plant (stover+grain) N content in fertilized treatment minus total N content (stover+grain) in control treatment (0 kg N ha -1 ) divided by the application N rate. Wheat trials in the coastal plain were conventionally tilled and seeded at the rate of 3.7 million seeds ha -1 with plots measuring 1.2 by 9 m, which resulted in eight rows per plot. Conservation tillage was used in the wheat trials in the piedmont with the same seeding rate as in the coastal plain, but plot size was 1.5 by 9 m. In 2013, North Carolina Yadkin variety was planted in the coastal plain and Southern States 8350 was planted in the piedmont. In 2014, DynaGro Shirley variety was planted at both coastal plain and piedmont. Wheat was planted after corn at all field trials.
A Wintersteiger Delta plot combine (Wintersteiger Inc., Salt Lake City, UT) was used to harvest entire wheat plots. Moisture content and yield data, as well as a subsample of wheat grain, were captured from the combine. Grain yield was normalized to a standard moisture content of 130 g kg -1 . The straw discarded from the combine was collected, weighed, and subsampled to determine straw yield. Subsamples of grain and straw were weighed, dried, re-weighed and ground for nutrient analysis, including N concentration. Similarly to the NUE calculation for maize, wheat grain, and straw N concentrations were used to calculate grain N, straw N, total N content, and spring NUE.
Sample Analysis
Subsamples of maize and wheat grain were ground with a Retsch Mill Model ZM-100 (Verder Scientific Inc., Newtown, PA). Stover and straw were ground with a Thomas-Wiley Mill Model ED-5 (Arthur H. Thomas Co., Philadelphia, PA). Samples were analyzed for N by the North Carolina Department of Agriculture & Consumer Services lab (Raleigh, NC) with an elemental analyzer (NA1500; CE Elantech Instruments; Lakewood, NJ) and an inductively coupled-plasma (ICP) spectrophotometer (Optima 3300 DV ICP emission spectrophotometer; PerkinElmer Corporation, Waltham, MA). Wheat grain and straw samples were analyzed for N by the North Carolina State University EATS lab (Raleigh, NC) with an elemental analyzer (2400 CHN/S Elemental Analyzer; PerkinElmer Corporation, Waltham, MA).
Climate
Precipitation in the coastal plain was well distributed over the maize growing season in both 2014 and 2015 ( Fig. 1A and 1B) . Total precipitation varied, however, with nearly 280 mm more precipitation than the 5-yr average in 2014 and 127 mm less in 2015. Average monthly soil and air temperatures were consistent with historical averages. Both years the piedmont sites received less precipitation than the 5-yr average ( Fig. 1C and 1D ), but 2015 was extremely dry, with rainfall totals 460 mm below average. In the weeks between planting and side dress N application, the field received only 66 mm of precipitation. The only month in 2015 to record above average rainfall was September by 2 mm.
Lack of rainfall paired with slightly higher than average air temperatures in June, July, and August was problematic for crop growth. In the mountains, precipitation was slightly less than average ( Fig. 1E and 1F ), but well distributed. Cooler average soil and air temperatures relative to other trial locations were conducive to higher observed average soil moisture.
Both growing seasons for wheat in the coastal plain had greater precipitation than the 5-yr average, though the patterns differed. The 2 mo following planting in 2013-2014 were wet, followed by two dry months and a wet spring. In contrast, the 2014-2015 season was consistently wetter than the 5-yr average with less total variation. In both years, average air temperature was fairly consistent with historical trends, though average air temperature in the winter did drop lower. In the piedmont, the 2013-2014 season had 92 mm more precipitation than the 5-yr average, but the 2014-2015 season was extremely dry with 301 mm less than the average. The lack of precipitation was distributed throughout the cropping year, with November as the only month to record more rainfall than average with a total of 102 mm. 
Statistical Analysis
The laboratory incubations were a completely randomized design. Previous experimentation (Cahill et al., 2010a) demonstrated that time was a factor and since our objective was to compare NH 4 -N and NO 3 -N at each time interval, standard deviations were used to compare products. Error bars for data points from the laboratory incubation are based on the standard deviation of replicates of each product treatment at each sampling date. An error with the Latchat equipment resulted in indecipherable NH 4 -N and % N recovery data from Day 7 sampling of nitrapyrin and NBPT+DCD treated soil in the mountain series and thus was excluded.
All parameters measured or calculated (grain yield, stover or straw, % N concentration in the grain and stover or straw, total aboveground N content, and NUE) in the field trials were analyzed with PROC GLIMMIX in SAS version 9.3 (SAS Institute Inc., Cary, NC). Regions were separated for analysis given known variation in soil properties and climate and to test hypothesis that N-loss prevention amendments may perform differently at each region. An initial analysis of pooled data confirmed that yields between sites for wheat (p < 0.0001) and maize (p < 0.0001) were significantly different. Region, year, N rate, and product were fixed effects, while replications within region-by-year combinations were random effects. Linear-plateau (LP) yield response models were generated with PROC GLM in SAS 9.3 to determine an AONR where an additional application of N fertilizer does not return a significant increase in yield. The LP model was not applied if LSMean yields did not change over N rates, or if yields continually increased with no evidence of a plateau (i.e., yields at highest N rate were statistically higher than yields at the previous rate). Additionally, when the LP model was used, the 95% confidence intervals for the estimated parameters were reviewed to check the goodness of model fit. The significance level applied to all data analysis was p < 0.05.
Due to a calculation error, the NBPT+DCD additive was applied at an incorrect rate in the 2013-2014 wheat trials and the data from those plots were deemed to be unusable. The NBPT+DCD additive was excluded from that year's analysis, but NBPT+DCD amendment data was included in a separate analysis of the 2014-2015 data. 
ReSULTS AnD DISCUSSIon
Laboratory Incubation At 0 d, N recovery from different product treatments ranged from 51 to 68% (Fig. 2C, 3C , and 4C). Ammonium N concentrations generally increased from 0 to 3 d as the urea in UAN was converted to NH 4 , before steadily declining by 84 d (Fig.  2A, 3A , and 4A). Nitrate-N concentrations generally increased from 3 d as nitrification was occurring (Fig. 2B, 3B , and 4B).
In the coastal plain and mountain soils, nitrapyrin-amended UAN significantly retarded the conversion of NH 4 better than other products, especially the organo-Ca or UAN on 14, 28, 42, 56, and 84 d ( Fig. 2A and 4A) . At 84 d, nitrapyrin coastal plain and mountain-treated soils had 58 and 47 mg kg -1 NH 4 -N remaining, respectively, while organo-Ca and UAN had essentially reached 0 NH 4 -N by 28 to 56 d. In the coastal plain soil, NBPT+DCD significantly retarded NH 4 conversion to NO 3 better than organo-Ca or UAN (Fig. 2A) . A similar trend was observed in the mountain soil, where NBPT+DCD protected NH 4 -N significantly better than the organo-Ca and UAN throughout the experiment; UAN and organo-Ca had similar release curves except at 14 d (Fig. 4A) .
Conversely, coastal plain and mountain soils treated with nitrapyrin had the lowest NO 3 -N concentrations over the sampling period ( Fig. 2B and 4B ). In the coastal plain soil, UAN was not significantly different from NBPT+DCD or organo-Ca treated soils, while in the mountain soil, NBPT+DCD appeared to delay the conversion of NH 4 -N to NO 3 -N on 14 and 28 d better than UAN alone or the organoCa, which essentially had the same release curves.
Overall, N recovery in the coastal plain and mountain soils increased from 0 to 3 d and remained fairly constant (Fig. 2C  and 4C) . In both soils, recovery percentages exceeding 100 were recorded, but are most likely due to the additive effects of sampling error. Cahill et al. (2010b) suggest a priming effect as a possible source of additional N in the study bags, but since soil organic matter content was very low and N was not limiting, this is unlikely to have played a significant role (Jenkinson et al., 1985; Chen et al., 2014) .
The piedmont soils deviated from results obtained for the coastal plain and mountain soils (Fig. 3) . At 3 d, NH 4 -N concentration spiked for organo-Ca and UAN products, and then generally decreased similarly at each sampling date until reaching 0 mg kg -1 at 42 d (Fig. 3A) . Soil treated with NBPT+DCD and nitrapyrin maintained constant NH 4 -N concentrations from 3 to 14d, with NBPT+DCD at a significantly higher concentration than nitrapyrin. Soil NO 3 -N concentrations initially decreased from the 33 to 42 mg kg -1 range on 0 d, representing NO 3 immediately available with the addition of UAN, to <1 mg kg -1 by 3 d, then slowly increased (Fig. 3B ). This dramatic drop may have been due to denitrification, which tends to be more dominant in fine-textured soils at higher moisture content (Bollmann and Conrad, 1998; Zhu et al., 2013) . Nitrate concentrations for UAN and organo-Ca treated soils leveled off at 28 d to around 20 mg kg -1 and remained at that level until the end of the experiment, while nitrapyrin and NBPT+DCD N-loss prevention amendments remained lower and reached comparable levels at 56 d before peaking at the observed soil maximum NO 3 -N concentrations at 84 d of ~ 60 mg kg -1 (Fig. 3B) . The decrease beginning at 28 d continued to below 20 mg kg -1 by 84 d. In contrast to the other two soils, applied N recovery in the piedmont soil generally reached a maximum between 3 and 7 d and then decreased over the sampling period. By 84 d, only 22 to 46% of N was recovered. This likely reflects the initial loss of N through denitrification. If an average of 40 mg kg -1 of N was lost in the first 3 d, the remainder of the total applied would fall into the observed recovery range (Fig. 3C) . Ensuring thorough mixture of fertilizer and N-loss prevention amendments, while maintaining constant moisture in the Lloyd clay loam soil was difficult and may have affected the results. Since the soil was sieved, structure was almost nonexistent and once water was added, pore space was likely limited. The effect of product transformations of N varied across the three soils, as both nitrapyrin and NBPT+DCD clearly showed efficacy in this mineralization study. Nitrapyrin appeared to effectively inhibit the nitrification activity in all three of the soils up to 42 d. The effectiveness of nitrapyrin in inhibiting nitrification was similar to that reported by Chen et al. (2010) . The urease inhibitor component of NBPT+DCD did not significantly prevent the hydrolysis of urea, as indicated by NH 4 -N release patterns that are nearly identical to the other products. The nitrification inhibitor component of NBPT+DCD showed an effect in two of the three soils. The organo-Ca consistently followed the same N release patterns as UAN, and therefore was not different. The organo-Ca, which is claimed to open exchange sites for the binding of NH 4 , should theoretically perform well in clay soils with higher cation exchange capacity (CEC) where more exchange sites are available. This was not observed in the piedmont soil, with a CEC of 7.9, where favorable conditions were most likely to exist, or in the coastal plain fine loamy sand or the mountain silt loam textured soils with CECs ranging from 6.3 to 7.4. Additionally, the organo-Ca is a member of the adjuvant chemical family, and is more likely to influence N fertilizer uptake when in contact with plant surfaces than through modification of soil N transformations. These results were similar to Goos (2011) .
Field Research Maize
The main effect of year was significant for all parameters at all regions, a result consistent with observed weather variations between years (Table 1) . As expected over a wide range of N rates, the main effect of N rate was also significant for all parameters in all regions, with the exception of apparent NUE at the coastal plain and piedmont sites. Also consistent with weather variations between years, the interaction effect of N rate × year was significant for grain yield at the coastal plain, and all parameters at the other two regions with the exception of stover yield and NUE at the piedmont, and stover N in the mountains. It is important to note that the main effect of product, as well as N rate × product and year × product × N rate interactions were not significant for any parameter in any region (Table 1) .
The only indication of a statistically significant product effect was in the year × product interaction observed for grain yield (p = 0.031) in the piedmont and stover N content (p = 0.006) in the coastal plain. The interaction effect in the piedmont was largely influenced by drought-induced low yields in 2015, where there was no significant difference among products (Fig. 5) ; in 2014, nitrapyrin and the organo-Ca had significantly higher yields than UAN alone, while NBPT+DCD was not significantly different from the other products. In 2014 at the piedmont site, the separation of yield between UAN and the highest yielding product (organo-Ca) was 1216 kg ha -1 (Fig. 5) .
Rainfall from the three regions for both years ( Fig. 1) demonstrated greater rainfall amounts shortly after products were sidedressed in 2015 than in 2014, which in theory would have protected N and increased availability for growth and yield. Our incubation experiment using piedmont soil (Fig. 3) suggested that both nitrapyrin and NBPT+DCD protected NH 4 for over 6 wk. If N leaching losses had occurred with either UAN or UAN+organo-Ca, yield losses might have occurred due to reduced N availability. Since, however, the effect of product was only evident at Piedmont in 2014, it was the lack of rainfall in 2015 that had the greatest effect on yield rather than product and excess rainfall. The fact that product was not effective for coastal plain maize was not surprising in that rainfall amounts after sidedress were adequate (Fig. 1A and 1B) . However, much greater rainfall immediately following sidedress N application at the mountain site in 2015 (Fig. 1E and 1F) could have increased N leaching losses where the N-loss amendments might have protected N fertilizer and increased yield; yield differences, however, were only a function of N rate and not product.
At the coastal plain in 2014, grain yield increased with N rate up to 180 kg N ha -1 with a maximum yield of 13,457 kg ha -1 (Fig. 6A) . In 2015, grain yield increased with N rate up to the highest application rate of 224 kg N ha -1 , and maximum yields from both years were not statistically different from each other. There was a marked decrease in 2015 yields at the piedmont site due to prolonged periods without precipitation (Fig. 6B) . Maximum yield in 2015 (6104 kg ha -1 ) was not significantly 
Region
Year N Rate, kg ha -1  0  45  90  135  180  224  Grain N content, kg ha -1  Piedmont  2014  53c,d †  73f  104g  129h  137h,i  144i  2015  26a  38b  46b,c  59d  61d,e  71e,f  Mountains  2014  71b  115c  148d  156d,e  170e  165e  2015  36a  39a  83b  115c  124c  149d Stover different from the previous year's yield in plots receiving 0 kg N ha -1 . In 2014, grain yield was nearly twice as high, plateauing at the 135 kg N ha -1 rate with a maximum yield of 11,004 kg ha -1 . Grain yields at the mountain site plateaued at 15,929 kg ha -1 at the 90 kg N ha -1 rate in 2014 (Fig. 6C) . In 2015, the highest yields at 180 and 224 kg N ha -1 were not statistically different. In both years, yields were exceptional, likely in response to well-timed rainfall and a cooler mountain climate. Grain N content increased with N rate at each region, but was lower overall in 2015 at the piedmont and mountain sites (Table 2 ). Stover N content was significant for the year × N rate interaction at the piedmont, and by the main effects of year and N rate at the coastal plain and mountain sites. Total N content, of which the grain makes up a larger proportion, predictably followed the same significance trends as grain N at each site.
Apparent NUE was significant by year only at the coastal plain (p = 0.04) and piedmont (p < 0.0001, Table 1 ). In both regions, average apparent NUE was higher in 2014 than 2015. Average NUE was 67 and 61% at the coastal plain, and 59 and 28% at the piedmont in 2014 and 2015, respectively (data not shown). In the mountains, a year × N rate interaction was observed (p < 0.0001). Apparent NUE values (~75%) were not significant between years at N rates of 135 kg ha -1 and higher, but varied at lower rates (data not shown).
Grain yield data from each region and year was analyzed with a LP model to identify the AONR after it was determined that the LP model performed as well or better than the linear quadratic and quadratic (data not shown). The LP models were then compared to current N rate guidelines (RYE) for each physiographic region of study. The RYE recommended N rate was slightly higher than the observed AONR at the coastal plain site in 2014 (Fig. 7A) , though the observed yields were 3100 kg ha -1 greater than predicted RYE yields (North Carolina Nutrient Management Workgroup, 2003) . The yield equation for x < 150 kg N ha -1 was y = 5082 + 55.5x (r 2 = 0.92 and p < 0.0001) and for x > 150 kg N ha -1 was y = 13,416 kg ha -1 . In 2015, yields at each N rate were different from the previous N rate, so the LP model was not fit as the response was linear. At the piedmont site, the RYE N rate was in excess compared to LP optimum N rate by 32 kg N ha -1 in 2014 (Fig. 7B) . The yield equation in 2014 for x < 117 kg N ha -1 was y = 6029 + 43.0x (r 2 = 0.64 and p < 0.0001) and for x > 117 kg N ha -1 was y = 11,071 kg ha -1 , while in 2015 the yield equation for x < 148 kg N ha -1 was y = 2803 + 20.1x (r 2 = 0.44 and p < 0.0001) and for x > 148 kg N ha -1 was y = 5790 kg ha -1 . The RYE N rate was sufficient in 2015, though yields were extremely low due to drought, with the optimum yield reaching only 5704 kg ha -1 . At the mountain site, the RYE recommended rate of 185 kg N ha -1 was well above the LP AONR of 66 kg N ha -1 in 2014 (Fig. 7C ). This 121 kg N ha -1 discrepancy reflects a decision made by the North Carolina Nutrient Management Group in setting the RYE rate for Comus (historically high-yielding floodplain soil) higher than the LP average optimum N rate of around 80 kg N ha -1 (Rajkovich et al., 2015) . The yield equation for x < 67 kg N ha -1 was y = 9547 + 101.9x (r 2 = 0.64 and p < 0.0001) and for x > 67 kg N ha -1 was y = 16,337 kg ha -1 . In 2015, the mountain trials were conducted on an upland soil and the optimum N rate, as predicted by the LP, was only 13 kg N ha -1 greater than the RYE rate. The yield equation for x < 191 kg N ha -1 was y = 3503 + 71.4x (r 2 = 0.82 and p < 0.0001) and for x > 191 kg N ha -1 was y = 17,129 kg ha -1 . With the exception of the coastal plain site in 2015 and mountain site in 2014, the difference between the AONR and RYE rate averaged 3 kg N ha -1 , indicating that current RYE recommendations align with field observations.
wheat
The main effect of year was significant for all parameters at both regions with the exception of apparent NUE at the coastal plain and grain yield at the piedmont (Table 3 ). The main effect of N rate was also highly significant, with the only nonsignificant parameter being apparent NUE at both regions. Year × N rate interactions were significant for all parameters except N straw Table 3 . Results of ANOVA statistical analysis for wheat N rate and product trials by parameter (grain and straw yield, nitrogen use efficiency (NUE), grain and straw N content, and total aboveground N content) and region (coastal plain and piedmont) content at the coastal plain region while the year × N rate interactions were significant for all parameters at the piedmont (Table 3) . Product was not significant as a main effect or in a two-or threeway interaction. Cumulative rainfall for the 28 d preceding spring N fertilization (early March) was 133, 98, 81, and 40 mm for wheat in the coastal plain (2013-2014 and 2014-2015) and piedmont (2013-2014 and 2014-2015) , respectively. Despite an almost threefold difference in rainfall over years and sites, product did not affect yield. Although rainfall was particularly high at the coastal plain in 2013-2014 (133 mm), there was no discrimination in yield between products.
In the coastal plain, grain yields in both years continued to increase with N rate (i.e., did not reach a plateau) with highest yields (6882 kg ha -1 in 2013-2014 and 8070 kg ha -1 in [2014] [2015] achieved at the 180 kg N ha -1 spring application rate (Fig. 8A) . The 2014-2015 crop yielded higher overall, reaching the previous year's maximum yield at the 90 kg N ha -1 rate. The significant difference at each N rate between years was likely influenced by the variation in soil types between years. Trials were conducted on a Johns sandy loam in 2013-2014, with very low organic matter (12 g kg -1 ) compared to the Portsmouth sandy loam (120 g kg -1 ) utilized the following year. Grain yield did not reach a plateau within the range of included N rates in either year, and although there was evidence of continued yield response at the 180 kg N ha -1 application rate, the average total N application rate for wheat falls near the North Carolina recommended rate of 134 kg N ha -1 ; Weisz et al., 2001) , with the risks of lodging increasing greatly beyond this rate Alley et al., 1996; Weisz, 2015) . At the piedmont sites, grain yields between years were only significantly different at the 90 kg N ha -1 rate (Fig. 8B) . However, the data did meet the criteria for analysis with a LP model, which indicated optimum yield was reached at 113 kg N ha -1 in 2013-2014 and at 130 kg N ha -1 in 2014-2015 (Fig. 9) . The yield equation in 2013-2014 for x < 113 kg N ha -1 was y = 4553 + 19.5x (r 2 = 0.70 and p < 0.0001) and for x > 113 kg N ha -1 was y = 6746 kg ha -1 , while in 2014-2015 the yield equation for x < 130 kg N ha -1 was y = 4775 + 14.2x (r 2 = 0.65 and p < 0.0001) and for x > 148 kg N ha -1 was y = 6622 kg ha -1 . The observed optimum N rates were 2 kg N ha -1 and 20 kg N ha -1 greater than RYE N rates in 2014 and 2015, respectively (Fig. 9) . The optimum yields at these rates were nearly twice what the RYE database predicted (3283 kg ha -1 ), indicating wheat yield values, as well as N factors (kg grain yield per kg N fertilizer), in the RYE database may need to be updated.
Each site exhibited an increase in grain N content with increasing N rate (Table 4) . Total wheat N content generally correlated with grain and straw yields. After an initial peak, a general decrease in apparent NUE was observed as spring N rate increased at both regions in both years (data not shown). However, at the piedmont site in 2013-2014 yr, NUE was much lower and increased from 24% at 45 kg N ha -1 to 47% at 90 kg N ha -1 , before tapering off to 31% at the highest spring N rate. Both regions displayed NUE values that are typical to wheat (40-80%) (Thomason et al., 2002; Johnson and Raun, 2003) .
A separate analysis of the effectiveness of NBPT+DCD compared to UAN, the organo-Ca, and nitrapyrin included only the 2 site-years in which it was applied: the coastal plain and piedmont sites in 2014-2015. Product, as a main effect or as an interaction, did not have a significant effect on grain yield, straw yield, apparent NUE, straw N content, or total N content at the piedmont. Only total N content was significant by product (p = 0.0402) in the coastal plain; all other parameters were nonsignificant for product. The N content of wheat grown in the NBPT+DCD treated plots was greater (120 kg N ha -1 ) relative to the UAN treated plots (113 kg N ha -1 ) at the coastal plain.
ConCLUSIonS
The potential evidence of delayed nitrification observed with nitrapyrin and NBPT+DCD N-loss prevention amendments in the incubation experiment did not correlate well with the results of the field trials of these same products in three physiographic regions (coastal plain, piedmont, and mountains) and with two crops (maize and wheat). Nitrapyrin, which has the most extensive history of inclusion in research trials, significantly delayed nitrification up to 84 d in the coastal plain and mountain soils, while both NBPT+DCD and nitrapyrin significantly delayed nitrification up to 84 d in the piedmont soil during the incubation study. Under field conditions application of N-loss prevention amendments (UAN+NBPT+DCD, UAN+nitrapyrin, or UAN+organo-Ca) did not significantly affect maize or wheat grain or stover/straw yield relative to UAN in 9 of 10 site-years; only N rate was significant. The slight advantage observed with some N-loss prevention amendments in 1 out of 10 site-years may not justify their additional expense, as typically there was no increase in yield. Finally, the linear-plateau models for maize indicated that optimum N rates were very similar to the RYE N rates with two exceptions. For wheat grown in the coastal plain, yields never plateaued over the N fertilizer range tested, whereas piedmont N rates, as determined by linear plateau model, were very close to the RYE database N rates. The N rate analysis from this trial adds to and confirms the North Carolina RYE database for maize produced on some soils; the wheat database yields, N rates, and N factor may need to be scrutinized more carefully.
